A model for pulsed-field electrophoresis was developed by picturing large DNA as a deformable "bag" that (i) moves with limiting mobility in a continuous electric field,
(ii) adopts an orientation aligned with the field direction, and (ii) reorients after a change in field direction in a sizedependent manner. The model correctly predicted the resolution of large DNA in a pulsed field inoudin the surprising phenomena of mobility inversion, lateral band spreading, and improved resolution for obtuse angles. A simple parametrization agreed with observations of two completely different aspects ofDNA behavior: bulk mobility as measured during gel electrophoresis and molecular reorientation as measured by linear dichroism. The model also provides quantitative guidelines for setting experimental parameters in pulsed-field electrophoresis experiments.
Gel electrophoresis in a continuous electric field does not resolve DNA molecules larger than =50 kilobase pairs (kbp) (1) . Large DNA moves through the gel matrix but with a velocity that is independent of size. However, if the electric field is reoriented periodically, DNA up to several megabase pairs (Mbp) may be resolved (2) (3) (4) . Because of widespread interest in separating large DNA molecules, there has been a growing effort to understand the physical basis ofpulsed-field electrophoresis (5) .
An early model assumes that DNA moves through the gel in a fully extended conformation: when the field is reoriented by an angle >90°, the DNA begins moving in the new direction led by what was formerly its back end (6) . This simple model successfully predicts the separation of large DNA in a pulsed electric field. However, contrary to what is observed, it also predicts that the upper size limit of resolution is accompanied by zero DNA mobility. This model will not be considered further, since the goal here is to build a model that is quantitatively correct.
A second model pictures the motion of the DNA as a "reptating" chain that crawls snakelike through a tube in the gel in response to the electric field. As the DNA moves forward, its leading end creates additional segments in the tube. Each step forward is in a random direction but with a bias in favor of the electric field direction. This relaxation from the rigid assumption of a fully extended conformation allows more complex DNA behavior. The reptation model successfully predicts that continuous fields will fail and pulsed fields will succeed in separating large DNA (7) (8) (9) and that in a pulsed field the size limit of separation increases proportionally to pulse time and is associated with a nonzero mobility (10) . It also predicts two unexpected phenomena. First, under some conditions, transversely pulsed fields should cause larger DNA molecules to migrate faster than smaller species ("mobility inversion"). This has been experimentally observed in electrophoresis with periodic inversion of the electric field (3) , but the reptation model predicts that it should also occur in transversely pulsed fields (10) . Second, similar conditions should produce lateral band spreading, in which the DNA band remains sharply defined vertically but spreads laterally as it moves down the gel (10, 11) . Both mobility inversion (2, (12) (13) (14) and lateral band spreading (14) have now been observed experimentally.
A third model views the DNA as a flexible chain moving through a lattice of obstacles (15, 16) . The chain model relaxes the assumptions for DNA behavior further. The chain is not constrained to move inside a tube but is free to adopt any configuration as it interacts with the obstacles that represent the gel. Thus, the DNA moves through a variety of extended and tangled configurations as it migrates in response to the electric field. Like the reptation model, the chain model also predicts that the separation of large DNA requires a pulsed field (17) . However, chain model calculations require the power of supercomputers and have not yet addressed the phenomena of mobility inversion and lateral band spreading.
Which model is correct? Direct observations in the light microscope indicate that DNA moves through agarose by oscillating among a complex repertoire of configurations (18) (19) (20) . In a continuous field, DNA molecules fluctuate between extended and tangled configurations, but with a general orientation in line with the applied field (Fig. 1A) . The leading end tends to accumulate DNA mass as the molecule encounters obstacles, slowing progress ofthe head in relation to the tail. At other times, the DNA becomes looped over an obstacle forming an inverted U shape. When the field direction is suddenly changed, the DNA gradually realigns with the new orientation but initially retains a memory for the previous orientation. Subsegments first begin moving in line with the reoriented field before the entire molecule finally moves off in the new direction. This behavior clearly contradicts the reptation model but is in good agreement with the chain model.
Formulation of the Model
Two questions are raised by these studies. If the reptation model is a poor representation of molecular behavior why does it predict the bulk behavior during electrophoresis? On the other hand, since the chain model is successful in predicting molecular behavior, is it possible to predict similar success for bulk behavior? To answer these questions, a simple model was developed. Large DNA was pictured as a deformable bag (Fig. 1A) (21) . In the chain model, the chain responds to the reoriented field by developing a new set of configurations, retaining a memory that diminishes as it gradually deforms toward the new orientation.
The three basic properties of the bag model were developed into a quantitative model of DNA behavior. For ease of calculation, the migration velocity was assumed to change as a linear function of time as the bag became reoriented. tation time. At the beginning of this interval, the bag retained a memory ofits previous state, with a potential velocity vx for moving off in the x direction once again if the field was suddenly switched back. The memory velocity decreased with time as the bag deformed. After enough deformation, the bag acquired a velocity in the y direction that increased until it reached the limiting velocity vo. Although the model may be conceived with a more complex velocity profile, the general conclusions remain the same.
Reorientation time should increase with DNA size. Fig respect to size. In addition, the migration had a lateral component, leading to band spreading across the gel. Thus, mobility inversion and band spreading were predicted to occur when the pulse time was shorter than the time required for complete DNA reorientation. When the field is reoriented by an obtuse angle >90°, there is a new component of motion. The bag must deform itself toward the new field direction as in the case of90°. However, during the first halfofthe reorientation period, the bag retains its alignment with the original field direction. It is therefore capable of moving along that axis in a reverse direction. Therefore, the migration trajectory during a given pulse has both backward and forward components, as shown in Fig.  2B . The net effect of an obtuse reorientation angle is to selectively retard the downward motion of larger molecules (TR % Tp) with respect to smaller molecules (TR << Tp), a phenomenon that is observed experimentally (4, 22) .
The migration for obtuse reorientation angles may be incorporated into the bag model. The newly reoriented electric field has a component in the reverse direction to the previous orientation, E-cos(,r -4) < E, where Eis the field strength and 4 is the reorientation angle. During the beginning of the pulse at times t < TR/2, there is potential velocity voJt) for moving in the forward x direction. For simplicity, assume that the back for T 2, v/vo = (1/2)(1 -1/T)(1 -f)cos(0/2), [Rc] where X is the relative reorientation time, defined as the dimensionless ratio T = TR/Tp, and vo is the limiting velocity in a continuous field. This means that the bulk behavior of DNA can be completely described in terms ofelectrophoresis conditions once r is calculated from the reorientation time.
Eqs. 1 define a universal curve for relative DNA velocity (v/vo), which is plotted as a function of r in Fig. 3 . Curves are shown for reorientation angles of 900 (f = 0) and 1200 (which was best fit byf = 0.5). supported by gel electrophoresis experiments, which have demonstrated the presence of all four regions of migration. In particular, the complete inversion of the three Schizosaccharomyces pombe chromosomes has been observed (14) . Furthermore, the inversion was accompanied by lateral band spreading that increased with reorientation angle (14) . The ratio of migration velocities at extreme values of T changes significantly with different reorientation angles.
From Eqs. 1, V(i = 0)/V(T = X) = 2 (forf= 0), and v(T = 0)lv(T = oo) = 4 (forf = 0.5). Thus, the bag model predicts improved resolution for obtuse reorientation angles. The degree of improvement depends on the simplifying assumption that the back velocity fractionfis a function of angle only. In reality, the response of DNA to field inversion may have complex dynamics that are best described by an f that also changes with time. For example, physical measurements indicate that shortly after field inversion, DNA orientation displays a significant overshoot followed by a minor undershoot and then a relaxation component (23, 24) . Such phenomena may be responsible for the large improvement in resolution when the reorientation angle is increased to slightly >900. Thus, a challenge for future refinements of the bag model is to simultaneously explain field inversion gel electrophoresis and the angle dependence in transversely pulsed-field electrophoresis.
Comparison Between Model and Experiment
Consider the results of electrophoresis experiments run under a series of different pulse times as summarized in Fig. 4A  (14) . Note the widely different separation patterns when the mobility is plotted as a function of DNA size. The pattern generated by any single pulse time has a different shape and position from the patterns generated by other pulse times. Such behavior makes it difficult, if not impossible, to make an a priori prediction of the outcome of an electrophoresis experiment.
To test the bag model against experimental data, the reorientation time TR must be calculated. In general, it must be a function of DNA size L and electric field strength E. Assume that it depends on those variables according to a simple power law, The parameters g and b were determined from the set of electrophoresis experiments in Fig. 4A . To determine g, note that the gel with pulse time 180 sec included a convenient band located at the point dividing the regions of proper resolution and lateral band spreading. This corresponded to DNA of 1.57 Mbp (point 1 in Fig. 4A ) and was taken as X = 1. If the reference field strength is set at E0 = 3.1 V/cm and the reference DNA length is Lo = 1.57 Mbp, Eq. 2 implies that g = 180 sec. To determine b, note that gels run with pulse times of 60 and 780 sec included DNA of 0.245 and 2.2 Mbp, respectively, that migrated the same distance of 3.6 cm (points 2 and 3 in Fig. 4A ). Therefore, those DNAs must have identical X values. This yielded b = 1.17, which predicts that the reorientation time increases with DNA size in a roughly linear manner.
The parameter a was determined by changing the pulse time and searching for a field strength that maintained the same size range of resolution, so that 0.1 < < 1. Multiple pulsed field electrophoresis experiments (14) yielded the value a = -1.4. Therefore, by Eq. 2,
For the agarose, buffer, and temperature conditions in Fig. 4 , a = -1.4, b = 1.17, and (for reference values E0 = 3.1 V/cm and Lo = 1.57 Mbp) g = 180 sec.
Eqs. 1 make an important qualitative prediction. If DNA migration is plotted as a function of T, the data points must converge to a single universal separation pattern, which must remain unchanged even for gels with different pulse times and field strengths Tp and E. This prediction was confirmed for a series of electrophoresis experiments run at different pulse times (14) . Indeed, the scattered points of data plotted as a function of DNA size (Fig. 4A) became strikingly aligned when plotted as a function of X (Fig. 4B) . Only two free parameters (g and b) were used in Eq. 3 to achieve this result. Data for different field strengths also converged to the same curve when the parameter a = -1.4 was chosen (data not shown).
Eqs. 1 also make a definite quantitative prediction. The value for the limiting velocity was determined from the observed DNA migration in the continuous field limit (TR << Tp): vo = 0.25 cm/hr. Eqs. 1 then generate the solid curve shown in Fig. 4B , which fits the data particularly well for T < 5 iff = 0.5. Therefore, the fit to experiment involves a total of only three free parameters, g, b, and f. In effect, the five disparate curves for different pulse times in Fig. 4A The bag model is successful in describing pulsed-field electrophoresis because it incorporates general attributes of DNA undergoing electrophoresis. These attributes (limiting velocity, orientation, and memory for previous states) are intrinsic to both the reptation and chain models; therefore, the bag provides insight for analyzing those more detailed models. For example, both bag and reptation models successfully predict phenomena such as resolution in pulsed fields, improved resolution for obtuse reorientation angles, mobility inversion, and lateral band spreading. Therefore, these phenomena must be a consequence of the general attributes rather than the details of reptation. Furthermore, these phenomena are also predicted to be contained in the chain model, anticipating the results of extensive computation. In fact, by using the bag model as a guide, Madden and Deutsch (27) have recently shown that there is also orientational persistence in the chain model for sufficiently short pulse times, supporting the bag model prediction that lateral band spreading would also be found in the chain model. The bag model prediction of a universal curve has great utility in practical applications of pulsed-field electrophoresis. Once the standard gel parameters of agarose, buffer, and temperature are set, Eq. 2 can be used to compute reorientation times. Good resolution free of anomalous migration is achieved for a chosen size range by setting the field strength and pulse time so that X falls between 0.1 and 1.0. The upper limit of resolution is sharply defined and corresponds to X = 1 in Eq. 3. The lower limit is not a sharp cut-off as shown in Fig. 3 It should be noted that although the bag model predicts decreased resolution for a 900 reorientation angle, experimental data show even poorer resolution at that angle (4, 22, 29) . On the other hand, data for DNA migration in angles from 1000 to 1500 (29) are well explained by the bag model 6000  840  1596  905  4000  560  993  563  2000  280  441  250  167  1000  140  1%  111  74  500  70  87  49  33  250  35  39  22  15  125  17  17  10  7 Upper and lower limits of size resolution correspond to T = 1.0 and X = 0.1, respectively. The predicted values for pulse time and field strength were calculated from Eq. 3 and are valid for the electrophoresis conditions described in Fig. 4 . Entries under E = 4 V/cm are blank because DNA entrapment phenomena may prevent multimegabase-sized DNA from migrating if the field strength is too high (14) .
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